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Abstract 
 
In this paper, we consider a manufacturer who produces both new and remanufactured products facing a group of 
heterogeneous customers who self-select their optimal choices of products. Under such circumstances, we formulate 
a mathematical programming model that determines the products, prices, and acquisition prices for used products. 
Based on this model, we will discuss conditions under which remanufacturing can be encouraged. 
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1. Introduction 
Product selection and pricing are important factors affecting the profitability of a firm. Factors that influence the 
product selection and pricing decisions include market considerations and fixed costs [1]. Several articles in the 
literature address the product selection problem based on various choice rules that characterize the self-selection 
behavior of customers in a market segment [1, 2]. Meanwhile, product recovery options such as remanufacturing are 
gaining attention as means of enhancing environmental sustainability and realizing cost savings at the same time.  
 
Thierry et al [3] defines remanufacturing as the process of bringing a used to product to the same quality and 
specifications as the new product. Empirically however, remanufactured products are often perceived to be of lower 
quality than manufactured products and serve different segments of customers. For instance, remanufactured 
computers, automobile parts and toner cartridges are being sold at a lower price than manufactured products. Given 
these circumstances, the remanufactured product can be considered as a low-cost product substitute. Consequently a 
firm’s product selection decisions should consider remanufacturing and the associated tradeoffs such as the low 
variable cost of remanufacturing vs. the acquisition costs of used products, the profits due to sale of remanufactured 
products to segments with lower utilities vs. possible cannibalization of the profits from the high utility customer 
segments etc. 
 
In this paper, we will formulate an integer nonlinear programming model that determines the optimal set of products 
to manufacture and remanufacture, their prices and take back prices, while considering the number of customers in 
different homogeneous market segments, the acquisition costs, and the fixed and variable costs. By acquisition price 
we mean the price paid by the firm for the collection of a used product while the total acquisition cost refers to the 
acquisition price multiplied by the total acquisition quantity. The model is distinct from other manufacturing product 
selection models with respect to the variable quantity of returns based on the acquisition prices. In addition, we 
consider that the fraction of collected products that can be remanufactured (the products reusable components are of 
sufficient condition for use in remanufacturing) depends on the proportion of manufactured product and the product 
characteristics. 
 
The rest of the paper is organized as follows. In Section 2, first, we discuss a few articles relevant to our 
formulation. Later on, we state our assumptions and present the integer nonlinear programming formulation. In 
Section 3, we illustrate the working of our model and discuss the factors influencing the profitability of 
remanufacturing via numerical examples. Finally, in Section 4, we provide concluding remarks and directions for 
future studies. 
 
2. Mathematical programming model 
 
We consider a monopolistic firm that can produce manufactured as well as remanufactured products and wishes to 
select the ideal set of manufactured and remanufactured products and the corresponding prices to maximize the 
average profit per year in the long-term. Specifically, we extend the product selection model presented in Dobson 
and Kalish [1] to include factors relevant for remanufactured products such as the acquisition quantities and prices. 
Dobson and Kalish [1] utilizes the maximum utility choice rule where heterogeneous customers select the product 
that provides them the maximum surplus. The number of products that is offered is endogenously limited in the 
problem due to fixed costs and market considerations. As in the above model, we assume that the number of 
customer segments and utilities of the manufactured and remanufactured products for customers in each segment are 
available from marketing studies such as the conjoint analysis [4] and market segmentation techniques such as 
clustering.   
 
We consider two essential features of the acquisition of used products from the customers in our model. 1) The 
quantity of the return of used products may be controlled via the acquisition price of used products 2) The fraction 
of the returned products that are of sufficient quality for remanufacturing is related to the product characteristics as 
well as the proportion of manufactured products in the total quantity of products sold. In what follows, we will 
discuss the literature relevant to these two aspects. 
 
Linear return functions of the form R (a) =β (a-γ) have been considered in Guide et al [5]. Here R(a) is the quantity 
of returned products and a is the acquisition price for the product return. β and γ are parameters, which refer to the 
increase in return quantity per unit increase in return price and the minimum acquisition price below which there are 
no returns respectively. We utilize such a linear return function for each product in our model and assume that 
sufficient marketing data is available to fit the function. 
 
Geyer and Wassenhove [6] considered a scenario where the lifetime of the reusable component of the product is 
greater than the lifetime of the product. Here, lifetime of a product is defined as the time interval between the output 
of a product, use, collection, remanufacturing and consequent output. In such a case, the authors defined n the 
maximum number of lives of the product as the component lifetime divided by the product lifetime. Here, n 
represents the maximum number of times the reusable components could be utilized, and n-1  is the maximum 
number of times a product can be remanufactured.  
 
The paper considered a system where a fraction b of the total products sold per unit time Q is collected, and a 
fraction d  of the collected products is of sufficient quality for remanufacturing i.e. a fraction 1-d of the collected 
products have to be disposed. The paper assumed a constant product demand (which is equal to the number of 
products sold per unit time Q), a constant return rate b, identical maximum number of lives n for all the products and 
identical product lifetime all the products.  
 
Under the above assumptions, they identified the relationship between b, n and the proportion of manufactured 
products of the total products Q sold per unit time, in a stationary solution given by Equation 1. Equation 2 provides 
the expression for reusable fraction d. 
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We utilize Equation 2 to characterize the remanufacturable fraction d of the collected products in our model. This 
implies that the remanufacturable fraction d of our product is dependent on the number of lives of the product n and 
the proportion of manufactured and remanufactured products. However, the return function of the form R (a) =β (a-
γ) utilized in our model may not result in a constant return rate b during the transient stages where the supply of the 
remanufactured components is not constant over time. Therefore in our model we assume that the prices for the new 
products and the acquisition prices for the returned products will lead to a stationary state where the supply of 
remanufactured products and the demands for the used products is constant over time. The above assumption 
indicates that our model has a greater applicability in scenarios where the product lifecycle is much greater than the 
average product lifetime. In what follows, we will provide notations and assumptions utilized for our model and then 
present the integer nonlinear programming formulation. 
 
2.1. Notations 
nj: maximum number of lives of the product i.e. the product cannot be remanufactured after nj uses by the customers 
i: subscript denoting the customer segment i , i = 1...I 
j: subscript denoting the product j , j =0, 1.. J where j = 0 represents a dummy manufactured product. 
k :  = 1 for a remanufactured product  
            = 0 for a manufactured product 
wi: number of customers per year in segment i 
Pjk: price of product j in a manufactured or remanufactured version denoted by k  
uijk: utility of a customer in segment i for product j in a manufactured or remanufactured version denoted by k. 
aj: acquisition price for product j   
βj: increase in the quantity of returned product j per year per unit increase in acquisition price aj 
γj: minimum acquisition price below which product j is not returned. 
bj: return rate of product j defined as  the ratio of the quantity of product j collected per year and the total amount 
(including manufacturing and remanufacturing) of product  j sold per year. 
 dj: Yield rate of remanufacturable product j defined as the ratio between the quantity of product j collected per year 
and the quantity of product j that is remanufactured per year. 
Fjk: annualized fixed cost per year of product j for manufacturing or remanufacturing denoted by k  
Yjk: = 1 if product j is offered in manufactured or remanufactured version denoted by k  
       = 0 otherwise 
xijk: = 1 if customers in segment i purchase product j in manufactured or remanufactured version denoted by k  
       = 0 otherwise 
M: is equal to I the number of customer segments. 
Cjk: the variable cost of product j for manufacturing or remanufacturing denoted by k   
 
2.2. Assumptions 
a. The firm is a monopoly 
b. Customers in each segment are homogeneous and have identical utilities. 
c. The time interval between the output of a product, use, collection, remanufacturing and consequent output, the 
product lifetime is identical for each product (e.g., all product 1 has 3 year lifetime and all product 2 has 1 year life 
time) 
c. Each product j can at most be remanufactured for nj-1 times. 
d. Customers in each segment choose an option that provides them the highest utility. 
e. The prices Pjk and the acquisition prices aj for collecting the remanufactured product will lead to a stationary state 
where the demand for the products and the supply of remanufactured products is constant over time. 
f. The effects of transient behavior before such a steady state as mentioned in the preceding assumption, on the 
long-term average profit of the firm per year during the products life cycle are minor and can be neglected. 
g. The firm does not incur any costs for disposal of collected products that are not remanufacturable. 
 
2.3. Integer Nonlinear Programming Formulation 
The integer nonlinear program maximizes the profit per year given that the prices for manufactured and 
remanufactured products and the acquisition prices lead to a constant demand and supply of new and used products 
per year. As stated in the assumptions the effects of the transient stages are assumed negligible.                                                                                                                                                                    
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The four terms in the objective function represent the revenue, the variable costs, annualized fixed costs, and the 
acquisition costs for collecting used products per year. Constraints 4 ensure that customers in each segment choose 
the product that results in the highest surplus for them. By surplus, we mean the difference between the utility of the 
product for a customer and its price. Constraints 5 ensure that customers can only select products that are offered by 
the firm. Constraints 6 ensure that customers in each segment select exactly one product. However, to allow for the 
option of not purchasing any of the products, a dummy product (j = 0) is included with zero price, utility, fixed and 
variable costs.  
 
Constraints 7 specify that the quantity of returns per year for each product j is equal to the product of the return rate 
bj and the total quantity of manufactured and remanufactured products sold per year.  The return rate bj and the 
maximum number of lives of the product nj determine the fraction dj of returned products that are not 
remanufacturable. Constraints 8 state that the quantity of remanufactured products per year is equal to the product of 
the yield dj and the quantity of returned products per year. This means (1-dj) percent of collected products are not 
remanufacturable and have to be addressed via other options such as recycling or disposal. Constraints 9 specify the 
relationship between the return rate bj the number of lives nj and the yield dj at stationary state where the supply of 
returned products and the demand for remanufactured or manufactured products is constant over time. Constraints 
10 ensure that the acquisition price aj is greater than the minimum acquisition price γj. Finally, constraints 12 ensure 
that the return rate bj is less than 1. In what follows, we will illustrate the working of our model via a numerical 
example 
  
4. Numerical examples 
In these numerical examples, we consider three customer segments and two substitutable products each of which can 
be remanufactured. We assume that the number of lives nj is 3 for both the products in the numerical example. The 
utility data for products in manufactured and remanufactured versions for customers in each segment i is given in 
Table 1. In the examples, segment 1 customers have the lowest utilities while segment 3 customers have the highest.  
Other required data such as fixed and variable costs, minimum acquisition prices and slopes of the return functions 
βj are provided in Table 2. 
 
Table 1 Utilities of customers in segment i for product j for manufactured and remanufactured version denoted by k. 
Uijk j =1, k=0 j=1, k=1 j=2, k=0 j=2, k=1 
i=1 450 300 500 375 
i=2 500 325 700 400 
i=3 650 350 800 425 
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Table 2  Data for the numerical example   
 
Remanufactured products are often perceived to be of lower quality compared to manufactured products and 
consequently, it may be more profitable to allocate remanufactured products to customer segments with lower 
utilities. To investigate the effect of the proportion of customers in various segments on the profitability of 
remanufacturing, we consider different numerical examples that vary in the proportion of customers in the segments.  
Table 3 shown below, provides the number of customers in each segment for the 5 different numerical examples. In 
this case, the total number of customers is 10000. 
 
Table 3 Number of customers in each segment in the numerical example 
Segments Example 1 Example 2 Example 3 Example 4 Example 5 
W1 7000 5000 3333 2500 1500 
W2 1500 2500 3333 2500 1500 
W3 1500 2500 3334 5000 7000 
       
We used Lingo version 7 for solving the integer nonlinear programs. To improve the quality of the solutions, we 
enumerated the solutions with all the possible combinations of the binary integer variables Xijk and  Yjk.. The results 
associated with the best solution without remanufacturing, and the best solution employing remanufacturing are 
shown in Table 4.  
 
Table 4 Solutions for the numerical examples without remanufacturing and employing remanufacturing. 
Products j 
Fixed cost 
manufacturing 
Fj,k=0 
Fixed cost 
remanufacturi
ng Fj,k=1 
Variable cost 
manufacturing 
Cj,k=0 
Variable cost 
remanufacturi
ng 
Cj,k=1 
Minimum 
acquisition 
price γj 
Slope of the 
return function 
βj 
j =1 80000 20000 200 50 40 500 
j= 2 80000 20000 300 70 100 250 
 Example 1 Example 2 Example 3 Example 4 Example 5 
Optimal profit per year without  
remanufacturing 2,490,000 2,590,000 2,673,350 2,920,000 3,420,000 
Allocation of products in 
Optimal solution without  
remanufacturing 
X310 =1 
X220 =1 
X110 =1 
X320 =1 
X220 =1 
X110 =1 
X320 =1 
X220 =1 
X110 =1 
X320 =1 
X220 =1 
X100 =1 
X310 =1 
X200 =1 
X100 =1 
 
Optimal Profit per year 
 with Remanufacturing 
 
 2,529,180 2,997,131 3,183,409 3,382,583 
Allocation of products in 
optimal solution with  
remanufacturing 
 
X320 =1 
X220 =1 
X121 =1 
X320 =1 
X220 =1 
X121 =1 
X320 =1 
X220 =1 
X121 =1 
X320 =1 
X220 =1 
X121 =1 
Yield dj for product 2  0.809017 0.917023 0.947822 0.98 
Remanufactured quantity 
per year  5000 3333 2500 1500 
Acquisition Cost per 
Remanufactured product  154.16 125.88 116.63 108.27 
In the solutions employing remanufacturing, (examples 1 to 4) we observe that the acquisition cost per 
remanufactured product is increasing with the quantity of remanufactured products. The reason behind such an 
increase is may be two fold 1) The acquisition price is linearly increasing with the quantity of collected products 2) 
The yield dj i.e. the fraction of collected products that can be utilized for remanufacturing is decreasing with increase 
in the remanufacturing quantity (as observed in the numerical example) given the constant total number of products 
sold per year. The solution employing remanufacturing is superior to that without remanufacturing in examples 3 
and 4. In our model, we assumed that customers in a segment are homogeneous. As a result, if a remanufactured 
product is offered for a segment it has to be offered for all the customers in the segment.  As there are a greater 
number of customers in segment 1 in example 2 in comparison with examples 3 and 4, if remanufacturing is 
employed a greater quantity of remanufactured products may be required. Perhaps, the higher acquisition costs due 
to increased quantity of remanufactured products is the reason for lower profits when remanufacturing is employed 
in example 2. 
 
 On the other hand, remanufacturing is not preferred in example 5 where the solution employing remanufacturing 
has relatively low acquisition cost per remanufactured product.  Given the utilities shown in Table 1 the maximum 
price that can be charged for a remanufactured product 2 for customers in segment 1 is 375. In such a case, 
customers in segment 3 would realize a net surplus of 50 from purchase of a remanufactured product. Therefore, if a 
remanufactured product 2 is offered to customers in segment 1 and self-selection constraints should ensure that 
customers in segment 3 purchase the manufactured product then the maximum price that can be charged for the 
manufactured product 2 is 750. In the solution with out remanufacturing perhaps, the decrease in the revenue due to 
reduced price of manufactured products when the remanufactured product is aimed at the segment 1, having a lower 
utility, is a possible reason for the lower profits when remanufacturing is employed in example 2. We note that it is 
not feasible to offer remanufactured products to customers in segment 1 in example 1 as even with the maximum 
possible return rate of 1, according to Equation 1, 33 percent of product 2 has to be remanufactured where as only 30 
percent of the product 2 is manufactured if remanufactured products are offered to segment 1. 
    
5. Concluding remarks 
In this paper, we have formulated the problem of product selection and pricing for a monopolistic firm that can 
produce manufactured and remanufactured products, and is faced with heterogeneous customers in various market 
segments. The formulation differs from other manufacturing product selection approaches with respect to the 
modeling of acquisition costs and quantities for remanufacturing. The numerical examples illustrate how various 
factors such as the acquisition costs and distribution of customers among the market segments influence the decision 
to choose remanufacturing. Several interesting areas for further research are possible based on our formulation as 
follows. 1) Developing heuristics: Mixed integer nonlinear programming models are relatively difficult to solve. 
Therefore developing efficient heuristics for the problem would improve the applicability of our model. 2) 
Addressing the transient stages: Several products such as electronics have a short product lifecycle relative to the 
product lifetime. Therefore, finite horizon or discounted profit maximization models constitute an interesting area 
for further research. 
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